Three different antigen preparations of Parelaphostrongylus tenuis were assessed for their effectiveness in an indirect enzyme-linked immunosorbent assay (ELISA) to diagnose experimental infection of white-tailed deer (WTD). The antigen preparations were the excretory-secretory products of third-stage larvae (ES-L3), somatic antigens of third-stage larvae (sL3), and somatic antigens of the adult stage (sA) of P. tenuis. The relative sensitivities of the antigen preparations in indirect ELISA were ES-L3 Ͼ sL3 Ͼ sA. Immunoglobulin G (IgG) antibodies to ES-L3 and sL3 could be detected 14 days postinfection and were consistently present in all infected animals from the first month to the end of the experiment at 5 months. In contrast, IgG antibodies to sA could not be detected at any time in 2 infected WTD. ES-L3 and sL3 proved reliable in the early detection of anti-P. tenuis antibodies and in the serological monitoring of experimentally infected animals. Significant cross-reactivity between all P. tenuis antigen preparations and sera from animals infected with parasites other than P. tenuis may preclude their use for field diagnosis. Nevertheless, isolation of unique P. tenuis antigen(s) should lead to the development of a specific serological test for infected white-tailed deer.
White-tailed deer (WTD; Odocoileus virginianus) are commonly infected with the meningeal worm Parelaphostrongylus tenuis (Nematoda: Protostrongylidae) in most of the eastern half of North America. Prevalence rates of more than 80% have been reported. 4, 15, 28 Infection in WTD is often asymptomatic; nevertheless, clinical signs have been reported in natural infections with as few as 10 parasites 10 as well as with heavy parasite infection from natural and experimental exposures. 3, 24 Epidemiologically, infected WTD are important in the dissemination of the parasite to a variety of susceptible wild ungulates such as elk or wapiti (Cervus elaphus canadensis), 27 moose (Alces alces), 2 caribou (Rangifer tarandus caribou), 29 fallow deer (Dama dama), 26 mule deer (Odocoileus hemionus hemionus), 30 and black-tailed deer (Odocoileus hemionus columbians). 21 Parelaphostrongylus tenuis infection in these animals can result in a fatal neurological disease. The presence of WTD and P. tenuis may have been responsible for the failure of attempts to introduce caribou into the Cape Breton Highlands in Canada 7 and black-tailed deer into Hamblen County, Tennessee, 21 for high mortality of elk and red deer on a game preserve in Pennsylvania, 32 and for the limited success in introducing elk into eastern North America. 3 Furthermore, domestic livestock, e.g., cows, sheep, goats, and llamas can also acquire infections when their grazing areas overlap that of WTD, and the results may be fatal. 1, 16, 20, 33 Many closely related protostrongylid parasites share geographical and host preferences with P. tenuis. Parelaphostrongylus andersoni is present across North America and infects WTD 25 and caribou, 18 Elaphostrongylus rangiferi commonly infects caribou in Newfoundland, Canada, 17 whereas Parelaphostrongylus odocoilei infects WTD and mule deer 25 in western North America. Elaphostrongylus cervi naturally infects red deer and has been shown experimentally to cause severe neurological disease in mule deer. 12 Elaphostrongylus cervi has a wide geographical distribution but is believed to be absent in North America. 12, 13 Current diagnosis of P. tenuis infection in WTD relies on the demonstration of the first-stage larvae (L1) in the feces of infected animals by the Baermann technique. The problems with the technique and its limitations for clinical diagnosis are well documented. 11, 31 In a recent study 28 L1 were detectable in less than twothirds of 311 necropsy-confirmed, P. tenuis-infected WTD because of the failure of infected animals to excrete larvae or the limitation of the Baermann technique or both. Furthermore, because L1 of P. tenuis are indistinguishable from the L1 of many other protostrongylids, P. tenuis infection can be definitively diagnosed only by the recovery and identification of the adult worm from the central nervous system (CNS) of a host at necropsy.
A sensitive and specific serological test with parasite-derived antigens to detect antibodies to P. tenuis in infected animals should provide a more accurate diagnosis than the current test for clinical use and wildlife management. In most studies to date, adult worm-derived antigens have been used. Anti-P. tenuis antibodies have been detected, but inconsistently, in the serum of infected WTD 8, 9 and elk. 5, 22 Recently, somatic antigens derived from third-stage larvae (L3) were used to detect the antibodies in the serum of elk. 5 Excretory-secretory (ES) products of P. tenuis have not been used to detect anti-P. tenuis antibodies in infected animals.
In this study, 3 different antigen preparations of P. tenuis, i.e., ES antigens from L3 (ES-L3), somatic L3 (sL3), and somatic adult (sA) antigens, were evaluated for their sensitivities and specificities in indirect enzyme-linked immunosorbent assays (ELISAs) for the purpose of diagnosing P. tenuis infections in experimentally infected WTD.
Materials and methods
Parasite. Parelaphostrongylus tenuis L3 were obtained from snails (Triodopsis multilineata) previously exposed to the L1 of P. tenuis collected from feces of naturally infected deer in Minnesota and verified to be P. tenuis. 19 The L3 were used to infect WTD or to prepare antigens. For antigen preparation, L3 were either cultured to produce ES-L3 or used to prepare sL3. Adult P. tenuis were obtained from the meninges of experimentally infected white-tailed deer at postmortem 28 and used for preparing sA.
Preparation of parasite antigens. Parelaphostrongylus tenuis L3 or adults were cleaned and washed in phosphate-buffered saline (PBS), resuspended in 1 ml of PBS, and kept on ice. For the preparation of somatic antigens (sL3 or sA), parasites were sonicated a at 300 W for 1 min at a time, for a total of 5 min, after which the parasite suspension was transferred into a microfuge tube and centrifuged at 12,000 ϫ g for 5 min. ES-L3 were produced in a serum-free environment according to published procedures 6 with some modifications. Briefly, 1,500 L3 parasites were suspended in 5 ml RPMI-1640 (RPMI), transferred into a dialysis bag (m. wt. cutoff ϭ 10 kD) that was knotted at the ends, and placed in a petri dish containing 10 ml RPMI supplemented with 10% fetal calf serum, penicillin (100 U/ml), and streptomycin (100 g/ml). Parasites were cultured at 37 C in a 5% CO 2 incubator. b At 24hr intervals, the culture medium in the dialysis bag was carefully aspirated and replaced with fresh medium. The harvested culture medium was spun at 12,000 ϫ g for 5 min and the supernatant kept as ES-L3. To reduce the extent of contamination of ES-L3 by somatic antigen from degrading parasites, cultures were monitored daily to assess the mortality of L3. Mortality was less than 5% for the first 7 days of culture.
Dead and dying parasites were removed every 24 hr. In addition, optical density of harvested ES-L3 was measured at wavelength 260 nm to assess nucleic acid contamination and, by implication, the extent of parasite degradation. Nucleic acid contamination was negligible. Protein concentrations of antigen preparations were determined with a commercial kit, c and antigen preparations were kept at Ϫ20 C until used.
Infection of WTD with P. tenuis and blood collection. The 6 WTD used in experiments were acquired as 1-week-old orphaned fawns in Saskatchewan, where P. tenuis does not occur, 3 and raised in captivity. They were bottle-fed and held in an open paddock until transported to Thunder Bay, Ontario, where they were held in pens with concrete floors. All animals were approximately 9.5 mo old at the time they were orally inoculated with P. tenuis L3. Two deer (nos. 1 and 2) were each given 6 larvae, 2 (deer nos. 3 and 4) were given 20 larvae, and 2 (deer nos. 5 and 6) were given between 100 and 150 larvae. Blood samples were collected for serum from each of the WTD 1 wk before inoculation and at different times after inoculation until the end of the experiment at 147 days postinoculation (dpi). All 6 WTD passed small numbers of Dictyocaulus larvae in their feces during the experiment, but no adult specimens could be recovered at necropsy. Mature P. tenuis were recovered from the CNS of each of the infected WTD at necropsy.
Sera from cervids infected with other protostrongylid parasites. Sera were obtained from a red deer experimentally inoculated with E. cervi and from caribou naturally infected with E. rangiferi only or concurrently with P. andersoni.
ELISA. Antigen preparations (ES-L3, sL3, or sA) were diluted in PBS, adsorbed to wells of a microtiter plate d at 0.5 g/well, and incubated at 37 C overnight, after which wells were washed with PBS containing 0.5% Tween 20 (PBST). Predetermined optimal dilutions of cervid serum (1:200) in PBST were applied to the microtiter plate wells and incubated at 37 C for 3 hr. Plates were then washed, and alkaline phosphatase-labeled rabbit anti-WTD IgG e diluted in PBST (1: 2,000) was applied to each well. After a 2-hr incubation at 37 C, wells of the plate were washed with PBST, phosphatase substrate was applied and the wells were allowed to react for 1 hr. The color development reaction was stopped with 5% ethylenediaminetetraacetic acid, and the optical density (OD) was read at 405 nm with a spectrophotometer. f For ease of handling, serum samples were divided into 2 batches so that each parasite dose was tested in each batch, i.e., deer nos. 1, 3, and 5 in the first batch and deer nos. 2, 4, and 6 in the second batch. Serum samples from each batch were all tested at the same time against ES-L3, sL3, or sA. Each sample was analyzed at least 3 times, and the results were highly reproducible. In addition, to ensure proper comparisons and to assess the effect of possible interplate variation, runs were designed such that a microtiter plate was coated with the 3 different antigen preparations and reacted against serum samples from each batch of animals. In another series of runs, each antigen preparation was used to coat a single plate, and serum samples from all 6 animals were tested in triplicates at the same time. Interplate and day-to-day variations were less than 10%; therefore, results from a representative run from the batches are presented. Data reported are the mean OD values, and the standard deviation for each data set was less than 10% of mean OD value. A postinfection serum sample was scored positive if the ELISA OD value was equal to, or greater than, twice the OD value of the corresponding preinfection serum sample.
Immunoblotting. Twenty micrograms of each antigen preparation (ES-L3, sL3, or sA) was separated on a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis at 160 V for 45 min under reducing conditions and transferred onto nitrocellulose membrane g for immunostaining. Membrane with proteins was blocked with PBS containing 5% milk (i.e., PBSmilk) for 30 min and washed with PBST. WTD serum sample (preinfection or 141 dpi) diluted 1 in 25 in PBST containing 2.5% milk (i.e., PBST-milk) was applied to each membrane strip and incubated overnight. Subsequently, the membrane was washed with PBST, and alkaline phosphatase-labeled rabbit anti-WTD IgG diluted 1 in 500 in PBST-milk was added. After 4 hr of incubation, the membrane was washed 3 times in PBST followed by a final wash in PBS. Color development reagent (5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium phosphatase substrate) e was added to the membrane and incubated in the dark. Color development was stopped after 30 min by the addition of tap water to the membrane.
Results
Comparative sensitivities of ES-L3, sL3, or sA in indirect ELISAs. ES-L3 consistently detected anti-P. tenuis IgG antibodies in all infected animals starting from the first month of infection until the end of the experiment (Fig. 1) . Antibodies against ES-L3 increased quickly after infection and attained a peak within the first month of infection (4 out of 6 animals), or soon after, and often remained stable at this level (5 out of 6 animals). Peak ELISA OD values of sera from the infected deer were between 0.74 and 1.28 (mean ϭ 1.00). In contrast, ELISA OD values of preinfection sera (background OD) were consistently less than 0.14 (mean ϭ 0.09).
Similar to ES-L3, sL3 consistently reacted with anti-P. tenuis IgG antibodies in all infected animals throughout the course of infection. Anti-sL3 antibodies were also detectable in response to infection from the first month (Fig. 1) . The background OD levels for sL3 ranged from 0.15 to 0.35 (mean ϭ 0.21), whereas peak ELISA OD values ranged from 0.47 to 0.78 (mean ϭ 0.66). Anti-sL3 antibodies decreased terminally in 4 of the infected animals but remained detectable in all 6 animals until the end of the experiment.
In contrast, sA detected anti-P. tenuis IgG antibodies in 4 infected animals but not in 2 animals (nos. 1 and 3) inoculated with 6 or 20 parasites (Fig. 1 ). In 1 animal (no. 3), the background OD value (ϭ0.55) was higher than the OD value of any of the postinfection sera collected on 4 different occasions between 28 and 141 dpi (OD range ϭ 0.35-0.4). The background OD ranged from 0.16 to 0.55 (mean ϭ 0.30), whereas the peak OD values ranged from 0.37 to 0.75 (mean ϭ 0.5). Thus, the nonspecific background reactions accounted for 9% of the anti-ES, 32% of anti-sL3, and 60% of anti-sA reactivities.
In order to test which of the 3 antigen preparations could most sensitively detect the early presence of WTD anti-P. tenuis IgG antibodies, serum samples collected prior to infection and at 14 or 28 dpi were tested against ES-L3, sL3, or sA by indirect ELISA. ES-L3 and sL3 detected anti-P. tenuis IgG antibodies in serum at 14 dpi (Fig. 2) . Furthermore, the intensity of the reaction of serum collected 14 dpi was 3-and 8-fold higher than background OD for sL3 and ES-L3, respectively. The sA failed to detect IgG antibod-ies in infected animals at 14 dpi. The intensity of the early reaction (14 and 28 dpi) was highest for ES-L3 and lowest for sA.
Cross-reactivity of ES-L3, sL3, and sA with sera from cervids infected with other parasites. ES-L3, sL3, and sA showed significant cross-reactivity with sera from red deer infected with E. cervi and from caribou infected with E. rangiferi only or concurrently with P. andersoni (Fig. 3) . The ES-L3 showed the strongest cross-reactivity among the 3 antigen preparations.
Immunoblot analysis of P. tenuis-infected serum against ES-L3, sL3, or sA. Infected WTD serum (141 dpi) recognized antigens of different sizes in each antigen preparation; however, a 37-kD antigen appeared to be the only protein consistently recognized by P. tenuis-infected deer serum in all 3 antigen preparations. The 4 heaviest antigen bands recognized in ES-L3 (m. wt. 50-68, 74, 78-91, and 105-133 kD) were not recognized in sL3 (Fig. 4 ).
Discussion
Serological diagnosis of infection by demonstrating specific antibodies in an infected animal relies on the use of good quality antigen. The ideal choice of an antigen for serological diagnosis of infectious diseases is one against which all infected animals produce a detectable, early, and persistent antibody response. Uninfected animals and those infected with other agents should fail to produce antibodies against the antigen. Furthermore, in nematode infections where the parasite usually undergoes a multistage development in the host, the antigen should react with antibodies produced by the host in response to all stages of the parasite. In order to develop a sensitive and specific indirect ELISA for WTD infected with P. tenuis, the usefulness of 3 antigen preparations from P. tenuis, namely ES products of L3 (ES-L3) and larval and adult somatic antigens (sL3 and sA), was evaluated. The sA was the least sensitive of the 3 antigen preparations and did not identify all infected animals. The sA detected anti-P. tenuis antibodies within 1 month of infection in 2 animals (nos. 2 and 5) and after the first month in 2 other animals (nos. 4 and 6) but at no time throughout the course of infection in the 2 remaining infected animals (nos. 1 and 3). Even among the animals that tested positive, the intensity of reaction to sA, as assessed by OD readings, was relatively low. These observations confirm previous suggestions 5, 22 that unfractionated, adult somatic antigens may not be useful in the diagnosis of P. tenuis. The effectiveness of ES products of adult worms could not be assessed because live adult worms were not available at the time of the study.
In contrast to sA, antigens derived from the infective larval stage of the parasite, either as somatic antigens (sL3) or ES products (ES-L3), proved useful in the seromonitoring of experimental P. tenuis infections. ES-L3 and sL3 detected antibodies in all infected animals before the end of the first month of infection and continued throughout the course of the experiment. The presence of host antibodies directed against the L3-derived antigens (i.e., ES-L3 and sL3) late in the infection, and at a time when L3 stages would have matured into adult forms, 3 may have two possible explanations. First, the antibodies may be long-lived because serum collected at the termination of the exper-iment recognized an antigen (m. wt. ϭ 42 kD; see Fig.  4 ) present in the larval antigens but not in the adult worms. Second, identical or cross-reacting antigens produced by the adult worm may boost the initial anti-sL3 response, as suggested by the recognition of a 37-kD antigen in the larval and adult antigen preparations.
ES-L3 antigen had the highest sensitivity, as demonstrated by the strongest intensity of reaction, earliest detection of antibodies, and lowest background. ES-L3 provided the greatest discrimination between the ELISA OD values of pre-and postinfection sera. ES-L3 as well as sL3 detected anti-P. tenuis antibodies 14 days after experimental infection. The intensity of the earliest reactions was higher with ES-L3 than with sL3. ES-L3 appears to be superior to either sL3 or sA in the diagnosis of P. tenuis infection because anti-ES-L3 antibodies were induced very quickly in infected animals and were generally maintained at stable high levels during the course of the experiment.
This study confirms the suggestion that antigens derived from the L3 may be more relevant than those from adults in the serodiagnosis of P. tenuis 22 and, furthermore, illustrates that, for purposes of serological diagnosis of P. tenuis in WTD, the excretory and secretory antigens are more sensitive than the somatic antigens of the L3.
Comparison of the antibody recognition of individual antigens present in the ES-L3 and sL3 indicates that, although the majority of antigenic molecules in sL3 were also recognized in the ES-L3, the 4 heaviest protein bands of ES-L3 were not found in sL3 (Fig.  4) . These observations discount significant contamination between the 2 antigen preparations and, at the same time, suggest that after the production of some antigens by the L3 (e.g., 50-68-, 74-, 78-91-, 105-133-kD antigens), the antigens are largely excreted by the parasite. An antigen found to be abundant in the ES products while apparently undetectable in the somatic antigen preparation may be more appropriately described as an excretory antigen, whereas an antigen shared between the ES products and the somatic antigen preparation may be described as a secretory antigen.
The excreted and secreted antigens of the parasite appear to be readily exposed to the immune system, resulting in significant antibody production. The continuous production of these antigens by the parasites in the host should lead to a booster effect for the antiparasite antibody responses. The sensitivity of ES-L3 antigen in detecting antibodies during P. tenuis infection may be, therefore, a consequence of this unique host immunological recognition of a parasitic infection through the products of the parasite.
All 3 antigen preparations show low specificity, as demonstrated by high cross-reactivity with sera from cervids infected with parasites closely related to P. tenuis, namely P. andersoni, E. rangiferi, and E. cervi. The observed cross-reactions indicate similarities between some antigens of P. tenuis and those found in the other parasites. Similar observations of cross-reactivity have been made between P. tenuis and Trichinella spiralis (family Trichuridae) and were attributed to as many as 5 shared antigens, 22 which further illustrates the challenges associated with using unfractionated antigens to develop a specific serological test, not only for P. tenuis but also for other helminth parasites. Thus, in spite of the high sensitivity of ES-L3 and sL3 antigens, the lack of specificity of these unfractionated antigen preparations diminishes their usefulness for field identification of P. tenuis-infected cervids. It is therefore imperative to identify individual antigens present in the larval antigen preparation that are unique to the parasite.
A unique 37-kD protein of P. tenuis that reacts with P. tenuis-infected WTD serum but not sera from cervids infected with E. rangiferi, P. andersoni, or E. cervi was recently identified 23 and may be a potential serodiagnostic antigen for P. tenuis infection. In this study, a protein of about 37 kD size appears to be present in all 3 antigen preparations (Fig. 4) . It is not clear why the 37-kD protein in the adult antigen preparation failed to produce a positive result in animals 1 and 3; possible explanations include low levels of antibodies in infected animals or high nonspecific reactivity of preinfection sera to the other antigens present in the antigen preparation. A more probable reason is the complexity of the adult worm antigen preparation, as shown by a higher number of individual antigens than for the larval antigens (data not shown), and this may be a confounding factor for specific antigen-antibody interactions. The possible confounding effect may be prevented if only the unique 37-kD antigen is used as the antigen for serodiagnosis. If the 37-kD antigen in all 3 preparations proves to be identical, its persistence in the different stages of the parasite and possible exposure to the immune system throughout the course of an infection could ensure sensitive and specific serological diagnosis of P. tenuis infection. In conclusion, the authors of this study agree with suggestions made by other workers 14 that the nature of the antigen determines the extent of false-positive serological results and show here that all 3 P. tenuis antigen preparations could lead to false-positive results if used for field diagnosis. Nevertheless, the previously untested excreted and secreted antigens from third-stage larvae of P. tenuis showed the best sensitivity and could be used for monitoring experimental P. tenuis infections.
